Introduction
Mesenchymal stromal cells (MSCs) are multipotent cells that can differentiate to adipogenic, osteogenic, and chondrogenic lineages (Pittenger et al., 1999) . MSCs play critical roles in coordinating tissue regeneration through their versatile differentiation capacity and immunomodulatory effects. Human MSCs can readily be isolated from different body sites (i.e. bone marrow, adipose tissue) and easily be cultured in vitro (Pittenger et al., 1999; Zuket al., 2002) , making them an attractive cell source for biomedical research. Identifying the lineage commitment potential of MSCs is necessary to establish a deeper understanding of their therapeutic potential. Depending on culture conditions and their tissue of origin, MSCs have variable potency and molecular properties, including a global gene expression profile (Lee et al., 2004; Picchi et al., 2013; Wang et al., 2016) .
Because of its validity and sensitivity, quantitative polymerase chain reaction (qPCR) has been a technique of choice in assessing gene expression of MSCs derived from distinct body sites (Picchi et al., 2013; Wang et al., 2016) . The reliability of qPCR results (i.e. target gene expression) can only be judged when optimum conditions are used. Using an accurate reference gene (RG) with a stable expression level is compulsory for normalizing target gene expression. Mostly genes that function in cellular integrity (e.g., beta-actin. ACTB) or metabolism (e.g., glyceraldehyde 3-phosphate dehydrogenase, GAPDH) are used as RGs. However, these frequently used genes have been reported to have variable expression levels under different experimental procedures that make them unsuitable to be used for normalization. Several studies showed that ACTB and GAPDH are improper RGs in MSC expansion and differentiation (Selvey et al., 2001; Elberg et al., 2006; Fink et al., 2008; Li et al., 2015a Li et al., , 2015b . Therefore, we aimed to validate and determine the most stable RG in BM-MSCs differentiated to adipocytes and osteoblasts under our experimental conditions.
Materials and methods

Isolation and culture of bone marrow mesenchymal stromal cells
Samples used in this study were cryopreserved BM mononuclear cells (MNCs) of donors (n= 5; mean age of 11.2 ± 6.4 years), which were previously obtained for BM transplantation (BMT) at the Hacettepe University Pediatric BMT unit. BM-MNCs isolated by Biocoll (1.077 g/L; Biochrom AG, Berlin, Germany) density centrifugation were thawed; slowly diluted in culture medium (CM) containing 60% Dulbecco's modified Eagle's medium-low glucose (DMEM-LG; GIBCO, UK) and 40% MCDB-201 medium (Sigma-Aldrich, USA) augmented with 10% heat-inactivated fetal bovine serum (FBS-HI; GIBCO), 100 U/mL penicillin and 100 µg/mL streptomycin (1% Pen/Strep), and 2 mM L-glutamine (Biochrom AG, Germany); and centrifuged at 453 × g for 5 min at room temperature to remove dimethyl sulfoxide (DMSO; AppliChem, Germany)-containing freezing medium. Cells were cultured in CM at 37 °C in a humidified atmosphere containing 5% CO 2 . Nonadherent cells were discarded following 48-72 h and CM was renewed every 3 to 4 days. When adherent cells (i.e. BMMSCs) reached subconfluence (70%-80%), they were trypsinized using 0.25% trypsin 1:250 (Invitrogen, UK) / 1 mM ethylenediaminetetraacetic acid (EDTA; UltraPure, Invitrogen) and replated at 3-4 × 10 3 cells/cm 2 for the following passages. This study was approved by the local ethical committee (Number 14, 24 / 08 / 2009).
Immunophenotyping of BM-MSCs
Flow cytometric analyses were performed using a FACSAria (Becton Dickinson, USA). Passage 3 BM-MSCs were trypsinized once they reached subconfluence. Singlecell suspensions were prepared and incubated in the presence of the following directly conjugated monoclonal antibodies according to the manufacturer's instructions. Phycoerythrin (PE)-anti-CD105 (SN6, e-Bioscience, USA), PE-anti-CD73 (AD2, BD Pharmingen, USA), and fluorescein isothiocyanate (FITC)-/PE-anti-CD90 (5E10, BioLegend, USA) were used as mesenchymal markers. FITC-anti-CD45 (2D1, Becton Dickinson; HI30, BD Pharmingen), allophycocyanin (APC)-/FITC-anti-CD34 (581, BD Pharmingen), APC-anti-CD14 (M5E2, BD Pharmingen), and FITC-anti-HLA-DR (L243, BD Pharmingen; G46-6, BD Biosciences) were used as hematopoietic markers. A total of 10,000 list mode events were acquired and analyzed using FACSDiva software (Becton Dickinson). The level of each surface marker was expressed as the mean of percent positive values with standard deviation (±SD).
Differentiation capacities of BM-MSCs
For 21 days, 100% confluent passage 3 BM-MSC were cultured in the presence of adipogenic medium containing DMEM-LG, 10% FBS-HI, 2 mM L-glutamine, 1% pen/strep, 1 mM dexamethasone (Invitrogen), 60 mM indomethacin (Sigma-Aldrich), 500 mM isobutylmethylxanthine (Sigma-Aldrich), and 5 mg/mL insulin (Sigma-Aldrich). Simultaneously, 70%-80% confluent BM-MSCs were cultured for 21 days in osteogenic medium containing DMEM-LG, 10% FBS-HI, 2 mM L-glutamine, 1% pen/ strep, 100 nM dexamethasone, 10 mM β-glycerophosphate (Sigma-Aldrich), and 0.2 mM L-ascorbic acid (SigmaAldrich). Adipogenic-differentiated cells were stained with Oil Red O (Sigma-Aldrich) while osteogenic-differentiated cells were stained with Alizarin Red S (Sigma-Aldrich) at pH 4.2. Images were obtained with an inverted microscope (Olympus CKX41; Olympus, Japan). 2.4. RNA isolation and cDNA synthesis RNAs were isolated from passage 3 control (i.e. uninduced; n = 4) and adipogenic (n = 5) or osteogenic (n = 5) differentiated BM-MSCs using the RNeasy Mini Kit (QIAGEN, Germany) and samples were then treated with RNase-free DNase Digestion (QIAGEN) following the manufacturer's instructions. RNA concentration and quality were determined using a NanoDrop ND-1000 (Thermo Fisher Scientific, USA) spectrometer. Extracted RNAs were highly pure with a mean A 260 /A 280 ratio of 2.04. cDNAs were synthesized from RNA samples of 260 ng in a final volume of 20 µL, using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche, USA) following manufacturer's instructions.
qPCR assay
The RealTime ready Human Reference Gene Panel 384 (Table 1 ; Roche) along with LightCycler 480 Probes (TaqMan) Master (Roche) was used in this study in order to define stable RGs. The final PCR reaction was carried out in 10 µL using the LightCycler 480 II instrument (Roche). PCR conditions were 95 °C for 10 min, then 45 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 5 s followed by a cooling step of 40 °C for 30 s. Gene expression of each sample was studied in duplicate. The second derivative maximum method was used for calculating the crossing point (Cp; also known as threshold cycle, Ct).
Data analysis
RGs found on the panel were submitted to GeneCodis 3, in which modular enrichment analysis of gene ontology (GO) biological process (BP) and GO molecular function (MF) was conducted. According to their frequency and statistical importance, modular enrichment analyses collected, harmonized, and illustrated different functional and structural information on the same data (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; Tabas-Madrid et al., 2012) . Hypergeometric distribution was performed to associate the genes with particular annotations. False discovery rate (FDR) was used to adjust P-values.
One-way ANOVA was performed to determine whether Ct values of reference genes were different among control, adipogenic-, and osteogenic-differentiated BMMSCs using IBM SPSS Statistics 20 software. The statistical significance threshold was considered as P < 0.05. Bar graphs showing means with SDs were constructed using GraphPad Prism 5.
The RealTime ready import wizard implemented in the GenEx qPCR software trial version (Exiqon, Denmark) was used to import Ct values (http://www.multid.se/ UserGuide.pdf) obtained from LightCycler 480 software (Roche). Most of the samples had no 18S, β-globin, or SDHA gene expression, and thus these genes were excluded from further analysis. Missing Ct values were filled with the mean of replicates and average Ct values from technical duplicates were calculated. Two algorithms were then performed using average Ct values in order to decide RG suitable for the qPCR analyses of control and/or induced BM-MSCs. NormFinder calculates the SD and the stability of RGs is analyzed by an ANOVA-based method (Andersen et al., 2004) . GeNorm analysis identifies the most stable gene(s) by determining the mean expression stability value (M-value) for each RG (Vandesompele et al., 2002) and excludes the least stably expressed ones. Bar graphs showing SDs and M-values were constructed using GraphPad Prism 5. The SD or M-value of each gene was plotted against the corresponding Ct value to identify the gene(s) with lowest Ct and SD or M-values.
Results
Characterization of BM-MSCs
BM-MSCs were able to adhere to the plastic surface of the culture flask and had fibroblast-like morphologies ( Figure 1A ). In the specific induction media, cells were able to develop into adipogenic (i.e. positive Oil Red O staining; Figure 1A ) and osteogenic lineages (i.e. positive Alizarin Red S staining; Figure 1A ). Additionally, BMMSCs were positive for basic stromal antigens CD105 (88.66 ± 18.88%), CD73 (94.48 ± 8.08%), and CD90 (97.84 ± 3.11%) while being negative for hematopoietic markers CD45 (0.14 ± 0.15%), CD14 (0.04 ± 0.09%), HLA-DR (0.58 ± 0.54%), and CD34 (0.04 ± 0.05%; Figure 1B ).
Gene ontology analysis of reference genes
The significant terms identified by the modular enrichment analysis were checked and found to be associated with 15 of the 19 genes in the panel. Genes 18S, ALAS, β-globin, G6PDH, and PBGD did not have a significant association with any GO terms. As seen in Table 2 , different combinations of RGs were grouped into various molecular functions (MFs) and/or biological processes (BPs). For instance, PPIA, IPO8, YWHAZ, B2M, TBP, RPLP0, SDHA, GAPDH, and HPRT1 were reported to play roles in protein binding (P < 0.05). Analysis revealed that genes used in the panel were also involved in nucleotide binding (MF) and other biological processes such as carbohydrate metabolic process, gene expression, RNA metabolic process, and viral reproduction (P < 0.05; Table 2 ).
Variation in transcription of reference genes Expression levels of 19 RGs were determined among control (n = 4), adipogenic-induced (n = 5), and osteogenicinduced (n = 5) BM-MSCs obtained from donors. ACTB, ALAS, B2M, G6PDH, GAPDH, GUSB, HPRT1, PBGD, PGK1
, PPIA, RPL13A, RPLP0, TBP, and TFRC genes were homogeneously expressed among different groups (P > 0.05; Figure 2A ). Adipogenic-differentiated cells had significantly higher Ct values for the IPO8 and YWHAZ genes (i.e. lower expression) compared with osteogenicdifferentiated BM-MSCs (P < 0.05; Figure 2A ). All genes gave rise to specific PCR products ( Figure 2B ) and had a mean coefficient of variation (CV) less than 10% (data not shown), except RPL13A (CV = 12.68%). ACTB (intergroup mean Ct = 21.71 ± 0.89) and RPLP0 (intergroup mean Ct = 21.98 ± 0.53) had the highest expression. Cells did not express the β-globin gene while one of the technical replicates obtained from adipogenic-differentiated BMMSCs had a low gene expression (Ct = 40.00; Figure 2A ). qPCR failed to detect 18S and SDHA gene expression in many samples but agarose gel electrophoresis showed the presence of specific bands ( Figure 2B ).
Stability of reference genes among adipogenicdifferentiated, osteogenic-differentiated, and control BM-MSCs
According to NormFinder, PBGD ranked as the most stable RG (SD = 0.3503; Figure 3A) . RPL13A was the least stable gene ( Figure 3A ). The list of RGs with the lowest SD to the highest SD was as follows: Figure 3A ). RPLP0 and GAPDH had the lowest Ct (21.98 and 23.16, respectively) and SD (0.9818 and 0.6074, respectively). ACTB had the lowest Ct value (=21.71) but a slightly higher SD (=1.6476; Figure 3B ). GeNorm identified PBGD and G6PDH (M-value = 0.6793) as the most stable RGs ( Figure 3C ). RPLP0 Table 2 . GeneCodis 3 modular enrichment analysis of GO biological process (BP) and molecular function (MF) for reference genes. (M-value = 0.7270) was reported as the second most stable RG. GeNorm identified RPL13A as the least stable gene ( Figure 3C ). The list of RGs with the lowest to the highest M-value was as follows: Figure 3C ). RPLP0, GAPDH, and ACTB had the lowest Ct (21.98, 23.16, and 21.71, respectively) values, but their M-values were slightly high (0.7270, 0.8827, and 1.0668, respectively; Figure 3D ).
GeneCodis
PBGD < G6PDH < RPLP0 < GUSB < YWHAZ < GAPDH < HPRT1 < B2M < IPO8 < ACTB < PGK1 < TBP < ALAS < PPIA < TFRC < RPL13A (
Stability of reference genes in adipogenicdifferentiated and uninduced BM-MSCs
When adipogenic-differentiated and control BM-MSCs were analyzed together, PBGD by both NormFinder (SD = 0.2228) and GeNorm (M-value = 0.4718) and G6PDH (M-value = 0.4718) by only GeNorm were reported as the most stable RGs (Table 3 ). In addition, RPLP0 and GAPDH had higher SDs and M-values (Table 3) but also had higher expression levels than PBGD and G6PDH (Table 4 ). G6PDH, GAPDH, GUSB, HPRT1, IPO8, PBGD, PGK1, PPIA, RPL13A, RPLP0, TBP, TFRC, YWHAZ, 18S , and SDHA genes with SDs were constructed using GraphPad Prism 5. Adipogenic-differentiated cells had significantly higher Ct values for the IPO8 and YWHAZ genes (i.e. lower expression) compared with osteogenic-differentiated BM-MSCs (P < 0.05). B) Representative agarose gel electrophoresis photos show a specific band for each reference gene. 
Stability of reference genes in osteogenicdifferentiated and uninduced BM-MSCs
NormFinder identified HPRT1 (SD = 0.3230) while the GeNorm algorithm ranked IPO8 and YWHAZ (M-value = 0.4170) as the most stable RGs for osteogenicdifferentiated and control BM-MSCs (Table 3) . RPLP0 and GAPDH exhibited higher SDs and M-values (Table 3) , but their transcripts levels were higher compared to HPRT1, IPO8, and YWHAZ (Table 4) .
Discussion
BM-MSCs obtained from healthy donors are able to differentiate into adipocytes and osteoblasts. They are positive for CD105, CD73, and CD90 while being negative for CD45, CD14, HLA-DR, and CD34. Therefore, we confirm that cells used in this study have standard MSC features as defined by the International Society for Cellular Therapy (Dominici et al., 2006 for ACTB and RPLP0 genes. However, the SD and M-value of ACTB are relatively high, which points to slight instability as also indicated by other research groups (Selvey et al., 2001; Elberg et al., 2006; Fink et al., 2008; Li et al., 2015) . Therefore ACTB is not considered to be the best candidate RG for normalizing target gene expression when comparing uninduced and osteogenic or adipogenic induced BM-MSC gene expression. Table 3 ), they have a very high expression in all medium conditions (Table 4) , which makes them more optimum to be used for both groups.
It is important to identify reliable and stable RGs for normalizing target gene expression levels in a particular experimental procedure. GeNorm and NormFinder are two widely used bioinformatic algorithms in identifying RGs. Under our experimental procedure, RPLP0 is the most suitable RG with high expression and stability among uninduced and adipo-/osteogenic-differentiated BMMSCs.
